This paper presents the topology optimization of the magnetic core for a wireless power transfer (WPT) device. In this optimization, the coil and magnetic-core shapes for WPT are represented by the Gaussian basis functions. They are sequentially optimized using the genetic algorithm and 3-D finite-element analysis so that the coupling coefficient of the WPT device is maximized. Moreover, a robust optimization method is proposed to keep the interlinkage flux as large as possible against misalignment in the coils. It is shown by the computational and experimental results that the optimized device outperforms the conventional devices.
I. INTRODUCTION
T HE use of wireless power transfer (WPT) for electric vehicles (EVs) and various home appliances is expected to expand rapidly [1] - [7] . In order to improve the efficiency of a WPT device, magnetic cores are introduced in the vicinity of the transmitting and receiving coils. The amount of the magnetic core has to be made as small as possible to reduce the cost and size without deteriorating the efficiency. The magnetic core should be, therefore, carefully designed considering these factors. For such magnetic cores, bar-shaped and H-shaped magnetic cores have been proposed [1] , [2] . In addition, the design of the transmitting and receiving coils is also very important for the efficiency of a WPT system. For this reason, several coils with, for example, double-D, double-DQ, and circular shapes, have been proposed [3] - [5] . In the design of WPT devices, optimal shapes have been pursued in the assumed parameter space. It is, however, not always possible to set suitable design parameters to obtain satisfactory results.
In contrast to the parameter optimization [6] - [8] , the topology optimization does not require the introduction of design parameters. In particular, the ON/OFF method based on the normalized Gaussian network (NGnet) with aid of the genetic algorithm (GA) and 2-D finite-element method (FEM) has been shown effective for the optimization of the magnetic core of a rotating machine [9] . In this paper, we propose a two-step topology optimization method for WTP devices in which the coil and magnetic-core shapes are optimized sequentially using GA and 3-D FEM. Moreover, we propose a novel optimization method to make the optimal solutions robust against misalignment in the coils. The WPT device with the optimized magnetic core is manufactured to make the experimental validation of the optimization method.
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II. OPTIMIZATION METHOD

A. Topology Optimization of Magnetic Core
In the topology optimization of the magnetic core of a WPT device using NGnet which is schematically shown in Fig. 1 , the material attribute in the design region core is determined from the value of the shape function defined by
where w i and N denote the weighting coefficient and number of Gaussian functions, respectively. Moreover, b i (x) is the normalized Gaussian function given by
where σ , D, and x i denote the standard deviation, dimension of core , and center of Gaussian basis. Although we assume here that D = 2 for easiness in the experimental validation, there are no difficulties in extension to 3-D cores. The material attribute M e of finite-element e in core is determined from
0018-9464 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. In the optimization, w = {w i |i = 1, 2, . . . , N} is determined so as to maximize the objective function by the microGA (μGA) [10] subjected to given constraints. Namely, the topology optimization is reduced to the parameter optimization with respect to the vector
B. Topology Optimization of Coil Shape
In this paper, the coil shape is optimized prior to the optimization of the magnetic core. To find the coil shape which maximizes the net magnetic flux interlinked with the receiving coil, we introduce a new method in which the current density distribution J (x) is optimized. Because it is difficult to directly determine the current density satisfying current continuity ∇ · J (x) = 0, we introduce the current vector potential T(x) satisfying J (x) = ∇ × T (x). Then, the distribution of T (x) is determined using the NGnet-based optimization. Although it is possible to design 3-D coil shape using the proposed method in principle, we consider here the 2-D design region coil for a coil for simplicity. Assuming that the current density lies on the xyplane,
To find current density localized in a coil, we modify the shape function (1) as follows:
where α denotes a constant. In a way similar to the optimization of the magnetic core shape, the weighting coefficient w is determined so as to maximize an objective function by μGA.
C. Naive on/off Method
For comparison, the magnetic core is also optimized by a naive ON/OFF method [11] , which is schematically shown in Fig. 2 . In this ON/OFF method, the material attribute of a finite element in core is directly optimized by μGA. Since this method tends to fall into a checkerboard-like complicated material distribution as shown in Fig. 2 , average smoothing is performed in such a way that the material attribute of element e is replaced with the average of the neighboring attributes as follows:
where N(e) and g denote the neighbor of element eand the function defined by g( * ) = 1(0)if * istrue(false). 
III. OPTIMIZATION PROBLEM
A. Topology Optimization of Coil
In this optimization, we consider a WPT device for EVs. In the first step, the coil shape is optimized using the method mentioned in Section II-B. The optimization problem is defined by
where z (w) denotes the magnetic flux in the z-direction across a rectangular domain at distance h from coil , as shown in Fig. 3 . Note that z (w) is the implicit function of the weighting coefficient w in (5).
To shape the coil with mirror symmetries in the x-and y-directions, 96 Gaussian functions are uniformly deployed so that the 1/4 fraction of the coil design region is effectively covered the Gaussians, that is, the standard deviation is determined as σ = 30.0 mm so that the Gaussians have overlaps each other.
B. Topology Optimization of Magnetic Core
In the second step posterior to the optimization of a coil, the magnetic core shape is optimized so that the core becomes as small as possible for reduction of cost and size, and simultaneously its efficiency is kept as high as possible even though misalignment between the transmitting and receiving coils exists. To obtain the optimal core shape which has a good tolerance to the misalignment, we maximize the magnetic coupling for several vertical misalignment patterns. Thus, the optimization problem is defined by
where k i (w)(i = 1, 2, . . . , N P ) and V core and V 0 denote the coupling coefficient for the i th misalignment pattern and total volume of the optimized core and given upper limit, respectively. In (8), the simple average of k i is considered, while we can modify the problem by introducing different weighting coefficients for k i (w). Assuming that the transmitting and receiving coils have the same self-inductance, the coupling coefficient k i (w) is obtained from the FE analysis as follows: where A i (w) and J 1 and J 2 denote the vector potential for the i th misalignment pattern and unit vectors parallel to the currents along the transmitting and receiving coils, respectively. Note that the vector potential A i (w) is the implicit function of the weighting coefficient w.
IV. OPTIMIZATION RESULTS
A. Coil Shape
Table I summarizes the model parameters. To solve optimization problem (7) using μGA, the number of individuals is set to 5 and the evolution process is continued for 400 generations. It takes about 70 min to obtain the optimization results using the Intel Xeon CPU (3.2 GHz, five cores). It is remarked that 90% of the computing time is spent for the FE analysis.
The optimized current distribution is shown in Fig. 4(a) , where its maximum value is set to 1.0 × 10 4 A/m 2 by (5). We can see that the resultant current concentrates in a ringshaped region colored by red. The ring-shaped region is approximated by a circular ring shown in Fig. 4(b) . Note that we obtain the circular coil without any prescribed parameters. If the target domain is changed, a different optimal current distribution would be obtained. To verify the effectiveness of this result, we compute the values of z by changing the inner or outer radius of the ring coil obtained by the optimization. The fluxes normalized by the flux of the optimized coil, opt , are plotted in Fig. 5 . We can see that the obtained coil has the largest flux. We next design the magnetic core for the optimized coil in the following. 
B. Magnetic Core shapes
The design region core for the magnetic core adjacent to the coils is shown in Fig. 6 . Table II summarizes the coil parameters. To shape the transmitting and receiving coils with mirror symmetries in the x-, y-, and z-directions, 98 Gaussian functions whose standard deviation σ = 15.0 mm are uniformly deployed in the 1/4 fraction in core . It is assumed that misalignment in the forward direction (ydirection) is easily limited by a wheel stopper, whereas the misalignment in the lateral direction (x-direction) cannot be limited. Under this assumption, we consider the lateral misalignments for problem (8) . Assuming rather wide tolerance is required with respect to the lateral misalignment, and we consider three different misalignments 0, 80, 160 mm, which are indexed by i = 1, 2, 3 in (8), respectively. Problem (8) is solved using μGA under the same condition as that for the optimization of the coil. It takes about a day to obtain the optimization results using the Intel Xeon CPU (3.2 GHz, five cores).
The optimized results using NGnet and naive ON/OFF methods with the smoothing, represented by "optimized (NGnet)" and "optimized (Naive)," respectively, are shown in Fig. 7(a) and (b) . For comparison, the bar shaped core, which is presented in [1] is also shown in Fig. 7(c) . In addition, the volume of the each WPT core is shown in Fig. 7 . One of the remarkable features in the optimized result obtained by NGnet is the existence of the large holes in the core. On the other hand, the naive ON/OFF method results in the complicated magnetic core in spite of the average smoothing. Even when the smoothing is repeatedly performed, the performance cannot be improved. The coupling coefficients are plotted against the degree of misalignment in Fig. 8 . We can see that the optimized WPT shown in Fig. 7(a) keeps the relatively high coupling-coefficient value not only against lateral misalignment but also forward misalignment. The coupling coefficient of the optimized WPT in Fig. 7(a) with misalignment of 160 mm is larger by about 1.3% and 4.1% than that of the optimized WPT in Fig. 7(b) and conventional cores. To interpret the difference in the performance of the WPTs in Fig. 7(a) and (c) , the flux distributions with lateral misalignment are shown in Fig. 9 . It can be seen that there are fluxes along the path "A-B-C" which effectively interlink with the receiving coil in Fig. 9(a) . On the other hand, there are little linkage flux in Fig. 9(b) because the fluxes tend to go along "A -B -C " without net interlinkage.
V. EXPERIMENTAL VALIDATION
To verify the numerical results, the performance of optimized and conventional WPT devices is experimentally evaluated. Because it is difficult to manufacture the optimized magnetic core using bar shaped ferrite cores, we make use of the soft ferrite sheet whose relative permeability is 9-14 [12] . The manufactured WPTs are shown in Fig. 10(a) and (b) . Table III summarizes the coil specifications. The measured coupling coefficients are plotted against the degree of misalignment in Fig. 10(c) and (d) . We can see that the optimized WPT has the higher coupling coefficients than that of the conventional WPT. It is concluded from these results that the proposed method is effective to improve the WPT performance.
VI. CONCLUSION
In this paper, we have proposed a new two-step topology optimization method based on 3-D field computing to effectively improve the efficiency of the WPT device. It has been shown that the optimized WPT is more robust against misalignment than the other two WPTs. This result is validated by experiment. The propose method can be applied to the topology optimization of WPTs of the other types, which will be discussed elsewhere. Moreover, the multi-objective optimization of the coil and magnetic core will be studied in the future.
